ABSTRACT The seasonal emergence patterns of three root-infesting weevils of pine trees in Wisconsin were determined. Emergence periods were distinctly separated in the following sequence: Hylobius radicis Buchanan, Hylobius pales (Herbst), Pachylobius picivorus (Germar). The sex ratio for each weevil was 1:1, but the distribution of emerging adults per tree varied with species. Usually only one H. radicis emerged per tree, whereas the distribution of H. pales was much more clustered. Brood production within a site was directly related to elevation along a slope. This was probably caused by differential exposure to flooding. All three species can breed and develop successfully in the same tree concurrently, and there was no evidence of competition between the primary H. radicis and the secondary species. Co-occurrence generally facilitated development of the various species, suggesting that moderate-sized trees killed by H. radicis may provide a reservoir for development by H. pales and P. p-icivOTUS, which could then damage seedlings by adult feeding. Experiments with chemical lures confirm that only overwintered pine root weevils respond to olfactory cues in Wisconsin.
PLANT HOOTS can constitute a rich substrate for herbivorous insects, particularly because of the high levels of starch reserves and minerals present in this tissue (Anderson 1987) . Compared with folivores, however, relatively little is known about the ecology of these insects and the rhizosphere habitat in general. Most of the available literature is on pests of annual crops, and factors affecting reproductive success and niche partitioning among treecolonizing species are largely unknown.
Insects colonizing roots of forest trees have increased in importance during recent years because of modern growing and reforestation practices (Schowalter 1985 , Witcosky et al. 1986a ). The principle pest species are beetles in the Scolytidae and Curculionidae, which cause direct feeding damage and transfer of phytopathogenic fungi (Witcosky & Hansen 1985 , Witcosky et al. 1986b . Because mature trees in natural stands are more able to withstand larval root feeding and adult stem feeding, damage by these insects has previously been less apparent. In addition, the closed canopy of older stands creates soil temperature and moisture conditions that are less suitable for root-colonizing weevils (Wilson 1977a ) and associated fungi (Pronos & Patton 1977) .
Pines in the Lake States are most commonly attacked by four species of root weevils (Wilson 1977b, unpublished data) . The pine root collar weevil, Hylobius radicis Buchanan, and the pine root tip weevil, Hylobius rhizophagus Millers, Benjamin, and Warner (=Hylobius assimilis Boheman? [O'Brien & Wibmer 1986] ), attack the subterranean main stem and small lateral roots, respectively, of living trees. The pales weevih Hylobius pales (Herbst) , and the pitch-eating weevil, Pachylobius picivorus (Germar) , colonize the subterranean main stem and large primary roots of killed trees and stumps. The two last-named species cause damage by adults feeding on the stems of seedlings and lateral branches of young trees.
The life histories of root-infesting pine weevils are rather complex; all of these species have mixedage populations, more than one overwintering stage, long-lived adults, and interrupted oviposition periods that can extend over several seasons. Moreover, H. pales and P. picivorus are more predominant in the southern region of the United States and show latitudinal variation with regard to voltinism. The pine root collar and pine root tip weevils are primarily northern species (Drooz 1985) .
All of these species can overwinter as adults in Wisconsin, and oviposition begins early in the following spring. Although some H. radicis may complete development by late summer, most overwinter as larvae and resume feeding with the onset of warm weather. The adults from this cohort emerge in mid-to late summer, feed, and then overwinter before (with occasional exceptions) commencing oviposition in the spring (Finnegan 1962 , Millers 1965 , Wilson & Millers 1983 ). The life history of H. rhizophagus is roughly the same (Kearby 1965) . H. pales has a shorter development time than H. radicis, so a larger proportion of larvae that emerge from eggs early in the spring can complete development in one season and overwinter as adults (Finnegan 1959 , Bliss & Kearby 1970 . The remainder of this cohort, and the brood from eggs deposited later in the summer, overwinter as larvae, and development resumes in the spring. Little is known about the life history of P. picivorus in the Lake States. Although this insect is primarily a southern pest (Wilson 1977b , Drooz 1985 , we have observed local trap catches that exceed all those of the Hylobius weevils combined (unpublished data). Based on work performed in the southern United States , the development time of P. picivorus is slightly longer than that of H. pales and presumably shorter than that of H. radicis and H. rhizophagus. Given temperature conditions in Wisconsin and extrapolating from northern and southern populations of H. pales, the majority of P. picivorus larvae probably do not complete development in the same season as they hatched.
Where these species overlap in the Lake States, their host ranges are almost identical (Finnegan 1959 , Davis & Lund 1966 , Wilson & Millers 1983 , Drooz 1985 . Although these weevils have similar life histories and are sympatric, and mixed infestations can occur within one area (Davis & Lund 1966 , Hunt & Raffa 1989 , it is not known whether all or some of these species can successfully exploit the same plant. This question is of special interest with regard to H. radicis, H. pales, and P. picivorus, as these three species develop in the same tissue.
The purpose of our research was to determine the extent to which interspecific competition affects weevil reproduction under field conditions, and to identify microsite factors associated with brood success.
Materials and Methods
Study Site. The site consisted of a 15-yr-old Scotch pine, Pinus sylvestris L., plantation in Marquette County, Wis. (TI7N, R8E) . The stand suffered severe mortality during the summers of 1985 and 1986 and was clear-cut for sanitation purposes during the winter of 1986-1987. During September 1986, we identified 100 trees that were currently infested with larvae or adults or both. These trees showed a range of symptoms from moderate foliar discoloration to no above-ground signs of attack.
The site was located on a south-facing slope and had a grassy understory in the sunlit portions. A field located along the eastern edge of the stand contained scattered young (3-4 yr old) P. sylvestris and red pines, Pinus resinosa Ait. Mature (about 35 yr old) P. resinosa stands were located to the east and south of the field, and Scotch pines continued along the northern portion of the infestation. The soil was heavily sanded.
Temperature and precipitation data were obtained from neighboring permanent weather stations at Hancock, Wis. (21 km north of the study site) and Montello, Wis. (26 km southeast of the study site). Because the study site was almost equidistant between these stations and data from the two stations showed only minor differences, these data were averaged.
Weevil Sampling. Adult weevils were collected in emergence tents constructed over the cut stumps of the 100 previously infested trees. The tent was constructed of heavy tan cloth and measured 1.5 m by 1.5 m at the base. The fabric was supported in the center by a section of PVC pipe (0.6 m long, 1.9 cm diameter) inserted several centimeters into the ground. Six holes (0.64 cm diameter) were drilled equidistantly about the circumference of the tube 7.6 cm from the top. The remaining uppermost portion of the outer surface of the pipe was covered with a thin layer of Fluon (ICI, Herts, England) and projected through a hole at the top of the tent. The cloth was fastened snugly to a bottle cap (4.8 cm diameter) with a hose clamp. A hole (1.9 cm diameter) was drilled through the center of this cap, and an inverted opaque plastic bottle (10.8 by 6 cm) was placed over the Fluoncoated portion of the pipe. The edges of the cloth were covered with several centimeters of sand to prevent weevil escape or entry. Emerging weevils climb up the inner sides of the tent and the outer surface of the pipe, enter the holes, and climb into the bottle. They cannot return down the pipe because of the Fluon coating. The bottle contained a short (about 2 cm) section of Scotch pine stem and a small portion of moistened tissue paper. A'section of opaque corrugated plastic (25 cm square) was affixed above the inverted bottle to reduce weevil exposure to direct sunlight. These traps could be repeatedly sampled by unscrewing the bottle and leaving the tent intact.
The traps were placed in the stand on 15 April 1987, which is considerably before weevils resume activity after overwintering in Wisconsin (Raffa & Hall 1988) . The traps were checked weekly thereafter. On 27 October 1987 the traps were removed, and the stumps, primary roots, and adjacent soil were examined for remaining weevils and signs of predation, parasitism, and disease.
Weevil populations also were monitored by pitfall traps baited with ethanol plus turpentine as described previously (Raffa & Hunt 1988 , Hunt & Raffa 1989 . Eight pitfall traps were placed about 10 m north of the tent traps on 7 July. These traps were examined weekly until 8 September.
Statistical Analysis. Sex ratios for each species were compared by x' test analysis (Steel & Torrie 1980 ) of weevils within each trap. Weevil production per tree was compared between H. radicis and H. pales using a Student's t test (Steel & Torrie 1980) . Variances were compared by analysis of variance (ANOVA) (Steel & Torrie 1980) . Where data were not normally distributed, a yY + 0.5 transformation was used because the variances were proportional to the means.
.. Emergence times were analyzed by converting dates to Julian days and conducting an ANOVA using the General Linear Model (GLM) Routine of the Statistical Analysis System (SAS Institute 1982), followed by Duncan's multiple range test (Steel & Torrie 1980 , SAS Institute 1982 where significant interactions occurred. Potential within-species differences in emergence dates between genders were tested by Student's t test.
The potential for interspecific competition was accessed in two ways: x 2 analysis (Steel & Torrie 1980) was used to determine if brood production by one species in a tree affected the likelihood of either of the other two species emerging from that tree. Among trees where one of the pine root weevil species did emerge, brood production in the presence or absence of the other weevils was analyzed by GLM. To separate other factors that could cause weevil emergence to be higher on certain trees, the statistically significant microsite effects were included.
Voucher (F = 10.64, P ::s 0.005). P. picivorus averaged 2.4 weevils per tree where adults emerged, with a median of 1.0. Although its biology more closely resembles H. pales, its distribution pattern (Fig. 1 ) more closely resembled that of H. radicis. However this could be an artifact of the low number of pitcheating weevils present in the stand.
The three species showed distinct periods of emergence ( Table 1 ). H. radicis showed peak emergence on 12 July, followed by H. pales on 6 August and by P. picivorus on 14 September. There were no differences in emergence times between males and females for any of these species.
Observations of infested stumps at the end of the season revealed no signs of predation by vertebrates, such as tunneling or bark chewing, as well as no signs of high incidence of disease, parasitism, or predation by arthropods, as would be suggested by mummies.
Microsite. Position in the stand had a strong effect on H. radicis survival and production, particularly in relation to slope (F = 10.4, P ::s 0.0001).
Average adult emergence at the top of the slope was 3.8 times higher than along the incline and 9.1 times higher than at the base ( Table 2 ). The percentages of stumps at the top, middle, and bottom of the slope that produced any adult H. radicis were 55, 36, and 14.8%, respectively.
Position on the slope also affected H. pales emergence (F = 4.24, P ::s 0.02) but to a lesser extent than with H. radicis. Emergence at the top was 1.3 times that observed on the incline ( Table 2) . Production of pales weevils followed a pattern similar to that of H. radicis. because of the small number of weevils; 77% of all pitch-eating weevils emerged from trees at the top of the hill. Distance from the various plant communities had a less pronounced effect. Although the edge effect was statistically significant for H. radicis (F = 3.73, P ::s 0.03) and H. pales (F = 3.14, P ::s 0.05) by ANOVA, none of the species showed statistically different (P ::s 0.05) means with regard to distance from the field by DMRT. All three species yielded a rank order of center > pine edge > field edge, however. Among H. radicis, the combination of top of the slope and midway from the edge produced significantly more weevils per tree than any other combination (P ::s 0.05) and was more than twice as high as the next highest location.
There were no significant differences ([P :::: t] ::s 0.10) among any of the combinations for either H. pales or P. picivorus. When all weevil adults are pooled, the trees closest to the field produced the fewest individuals (Table 3) .
Microsite affected time of weevil emergence but to a lesser extent than it influenced weevil production. Pales weevils emerged from stumps at the top of the hill 2.7 d sooner (t = 2.00, P ::s 0.046) than from stumps along the incline. Pitch-eating weevils emerged from stumps at the top of the slope 60.7 d before weevils at the bottom (t = 4.66, P ::s 0.001). The date of root collar weevil emergence was not affected by position on the slope. Time of emergence was not affected by prpximity to tree or field edges for any of the root~weevil species.
Interspecific Effects. No weevil species had an adverse effect on the likelihood of either of the other two species emerging from the tree in 'which it developed. Among those trees where a particular species did emerge, the number of emerging individuals increased if other species were present (Table 4) . For example, H. radicis production was 3-4 times higher in trees from which associated species emerged than in trees where only H. radicis Locations followed by the same letter are not significantly different (P < 0.05; Duncan's [1955] multiple range test).
emerged. Likewise, the number of emerged H. pales and P. picivorus increased 2-5 times and 1-2 times, respectively, when other species were present.
The pattern shown in Table 4 cannot be totally explained on the basis of superior microsite suitability of those trees on which these three species cooccurred. When only trees that produced H. radicis are included in the analysis and the effect of slope is included (edge was not included because of its weak contribution), there is still a significant effect attributable to the presence of the secondary species (F = 12.18, P :s 0.001). The effect of the primary species H. radicis on H. pales also was significant, even with microsite effects removed (F = 8.13, P :s 0.01). In both species, the co-occurrence of either the primary or secondary species explained more of the variation in weevil emergence per tree than did slope. A similar analysis was not performed for P. picivorus because of the small sample size and absence of significant microsite effects.
Pitfall Traps. Ninety-three pales and 20 pitcheating weevils were caught in the baited pitfall traps. These individuals were captured much earlier than the weevils that emerged from infested stumps (Table 5) . Ninety-three percent of the pales and all of the pitch-eating weevils found in pitfall traps were captured before their respective brood emergence peaks. No H. radicis were caught in pitfall traps.
Discussion
Microsite has a major effect on pine root weevil survival and production. The large contribution of slope to this effect was probably because of drainage. Rainfall was extremely heavy during September 1987, amounting to 32.4 cm. This is 3.5 times the normal precipitation for this region during September and was the highest deviation from normal dating back at least to 1983 (National Oceanic and Atmospheric Administration 1983 Administration -1988 . We collected larvae (not identified to species) and H. radicis adults from infested trees adjacent to the study site during late August and early September 1987 but found only living larvae after portions of the stand were flooded. Dead adults were invariably moldy, although we could not discern whether these weevils were drowned and thereafter contaminated by saprophytic fungi or whether high moisture conditions facilitated infection by entomopathogens.
Our results suggest that in areas where both larvae and adults of these three species overwinter, the larvae (but not adults) can survive periods of severe flooding. This view is supported by the late emergence dates shown in Table 1 . In previous studies, we have determined peak emergence periods of overwintered adults to be from late May to early June for H. radicis and early to mid-July for H. pales and P. picivorus (Raffa & Hall 1988 , Hunt & Raffa 1989 . Given the normal development times of 200 d for H. radicis, 135 d for H. pales, and an estimate of 163 d for P. picivorus in southern Ontario (Finnegan 1959 (Finnegan , 1962 DaviS & Lund 1966; , and peak oviposition during late May at the earliest, it is unlikely that the emerging adults in this study arose from nonoverwintered insects. This provides an added check against the possibility of weevils attacking stumps after they had been covered. Thus, the insects that emerged from these infested trees almost certainly overwintered as larvae, and almost all of the overwintering adult cohort was lost ( Table   1) .
Mortality to other stages of pine root weevils by flooding has been observed. Speers & Cody (1975) reported that emersion of H. pales eggs reduces hatching rates after 3 d, and Finnegan (1962) described high H. radicis pupal mortality during flooding. Laboratory experiments by Millers (1965) demonstrated greater tolerance of H. radicis larvae than adults to submergence, which agrees with our field results.
The earlier emergence of weevils from stumps on the hilltop and incline (relative to the valley) is probably because of greater exposure to sunlight on these surfaces. However, this effect was probably exaggerated by the sanitation clear-cutting that removed the canopies. In a stand of infested seedlings, this relationship between slope and time of emergence would presumably persist. Our results demonstrate that three species of pineinfesting root weevils can simultaneously develop within individual hosts. The presence of primary and secondary weevils does not appear to be mutually or solely disadvantageous. This relationship may be facilitated by temporal asynchrony in initial colonization and development (Table 1) . Using the developmental rates for these weevils, and assuming there is no development from 15 September to 15 April, the approximate times when these trees were attacked were 27 May 1986 by H. radicis, followed by H. pales on 24 August and P. picivorus on 4 September. These estimated times of attack correspond very closely with known peaks of oviposition by these species (Finnegan 1959 , Wilson & Millers 1983 .
Antagonistic competitive interactions within the same host tissue have been demonstrated among primary and secondary bark beetles (Stark & Borden 1965 , Coulson et al. 1976 ). However, spatial and temporal asynchrony may greatly lessen these effects (Flamm et al. 1987) . Similar mechanisms may be operating among pine root weevils, and there appears to be a facilitating relationship as well. In the case of the influence of H. radicis on brood production by H. pales or P. picivorus, the former species probably increases substrate availability for the secondary weevils. Host deterioration, microbial growth, and metabolic products associated with H. radicis development also may facilitate H. pales and P. picivorus orientation. This seems likely, because the latter species also are attracted to trees undergoing attack by Dendroctonus terebrans (Olivier) (Hill & Fox 1972) . The means by which secondary weevils could facilitate H. radicis development, on the other hand, are less clear.
Although there was no evidence of within-tree interference between H. pales and P. picivorus development, there may be intense competition at the stand level. The ratio of pales/pitch-eating weevils in this stand was 19.2:1 in emergence traps and 3.9: 1 in baited pitball traps. Yet in a neighboring P. sylvestris stand (31.2 km north of the study site) which also was attacked by these three species, a ratio of pitch-eating/pales weevils of 17.6:1 was obtained using baited pitfall traps. Thus, colonization success by either H. pales or P. picivorus may depend on which species is able to first detect trees killed by H. radicis. The very late emergence dates of P. picivorus in the emergence stand support this view (Table 1) .
The ability of H. pales and P. picivorus to develop successfully in trees killed by H. radicis has implications to reforestation and Christmas tree production. The secondary weevils are major pests of young seedlings because of damage that occurs during adult feeding (Finnegan 1959 , Thatcher 1960 ). It appears that infestations by H. radicis may provide H. pales and P. picivorus with a breeding substrate from which emerging adults could migrate to and damage neighboring stands. A sanitation cut will not ameliorate this problem.
The frequency distributions of emerged adults ( Fig. 1 ) suggest behavioral differences related to oviposition between the tree-killing H. radicis and saprophytic H. pales. The former species appears to distribute its eggs more evenly among the host population, with one emerging adult being the norm. Pales weevils, on the other hand, will deposit a much larger proportion of their egg load in one host, perhaps because they are slightly smaller than H. radicis or because killed trees are a very scarce resource under natural conditions. This pattern persists in the laboratory when twigs or phloem strips are provided as oviposition substrates. We also have observed a high incidence of larval cannibalism among H. radicis, which may account for broad distribution of the eggs by ovipositing females.
In previous studies where weevils were trapped during feeding and oviposition (Raffa & Hall 1988 , Hunt & Raffa 1989 , we have found that the type of trap or attractant may bias the proportion of males and females captured. The 1:1 sex ratios obtained in this study by capturing weevils as they emerged from development sites probably provides the best indication of their actual sex ratios. These data agree with ratios obtained using screen traps wrapped around the base of trees and with baited pitfall traps for H. pales and P. picivOTUS but not for H. radicis (Raffa & Hall 1988 , Hunt & Raffa 1989 .
The pattern of weevil capture in pitfall traps confirms our earlier suggestion that only overwintered adults are attracted to the ethanol-turpentine combination, at least in the Great Lakes Region (Hunt & Raffa 1989) . Although adults from all three root weevil species were emerging from infested trees throughout the latter portions of the summer after having overwintered as larvae (Table 1) , individuals from this cohort were not attracted by the ethanol-turpentine plume (Table 5 ). In the neigh-boring P. sylvestris stand described earlier, 91 H. radicis were caught in ethanol-turpentine pitfall traps, but peak capture was observed on 9 June 1987, which preceded baited trap establishment in the emergence-study stand by nearly 1 mo. Likewise, peak H. pales and P. picivorus capture occurred on 21 July at the neighboring site, which agrees with the pitfall trap data in Table 5 . The weevils shown in Table 5 represent those adults that did survive flooding of the emergence-study stand as well as immigrants from neighboring trees.
Our study is the first in which both attractivelure and passive-emergence traps were monitored at the same site. This temporal variation in behavioral responses to olfactory cues needs to be considered if such lures are used to estimate weevil population densities. The trapping method described in this report provides a useful collection technique where live insects are needed for bioassays or behavioral studies. Weevil survival is high, providing the precautions against heat exhaustion described in the methodology are followed.
